Transformation of Nicotiana benthamiana with full-length sequences of a mild variant of the groundnut rosette virus (GRV) satellite RNA (sat-RNA) yielded plants that did not produce symptoms when inoculated with GRV and a virulent sat-RNA. Two different resistance mechanisms operated in different transformed lines. In the first, plants contained high levels of transcript RNA, and replication of both sat-RNA and GRV genomic RNA was inhibited. This mechanism is analogous to the down-regulation of GRV genomic and sat-RNA replication in infections containing the mild sat-RNA, and indeed infection of sat-RNA transgenic plants with GRV was shown to lead to liberation of unit-length sat-RNA from transgene transcripts. In the second resistance mechanism, plants contained low transcript RNA levels, and replication of sat-RNA but not of GRV genomic RNA was inhibited. These plants were also resistant to infection by potato virus X derivatives containing GRV sat-RNA sequences. This mechanism is an example of homology-dependent gene silencing or cosuppression. Resistant plants were also produced by transformation with sequences representing only the 5′ terminal one-third of the mild sat-RNA; the mechanism of resistance in these plants was of the cosuppression type.
Many plant RNA viruses are associated with dispensable, subviral RNAs known as satellite RNAs (sat-RNAs) that depend on the viral genomic RNA for replication, encapsidation, and movement both within and between plants. Some satRNAs attenuate the symptoms of their helper virus, whereas a few exacerbate symptom expression (Roossink et al. 1992) . The ability of sat-RNAs to attenuate symptoms led to their use in spray inoculations of greenhouse and field crops to control virus diseases (for review see Roossink et al. 1992 ). An alternative strategy of protection against virus infection that makes use of the attenuation properties of sat-RNA is to modify plants to express satellite sequences transgenically (Baulcombe et al. 1986; Harrison et al. 1987; Gerlach et al. 1987; .
Rosette disease of groundnuts occurs widely in Africa south of the Sahara and causes severe crop damage. The disease is caused by a complex of agents, comprising two viruses and a sat-RNA. Groundnut rosette virus (GRV) is a member of the genus Umbravirus, which contains viruses that do not form conventional particles and depend on a helper virus, usually a luteovirus, for transmission by aphids (Murant et al. 1995; Taliansky et al. 1996) . In the case of GRV, the helper virus is groundnut rosette assistor luteovirus (GRAV), but neither it nor GRV on their own cause symptoms in groundnut (Hull and Adams 1968; Reddy et al. 1985) . The single-stranded sat-RNA, 895 to 903 nucleotides (nt) long, relies on GRV for its replication in infected plants, but in its own turn is needed in addition to GRAV for aphid transmission of GRV (Murant 1990) . It is the sat-RNA that plays a key role in induction of symptoms of groundnut rosette disease (Murant et al. 1988; Murant and Kumar 1990) . GRV isolates that lack the satellite induce no symptoms or only a transient mild mottle when inoculated to groundnut (Murant et al. 1988 ). Moreover, different variants of the sat-RNA are responsible for the different forms of rosette disease, such as green rosette and chlorotic rosette (Murant and Kumar 1990) . Although different GRV sat-RNA variants contain up to five potential open reading frames (ORFs) in either the positive or the negative sense (Blok et al. 1994) , none of the ORFs is essential for replication or spread of the sat-RNA (Taliansky and Robinson 1997a) . Likewise, production of symptoms in infected Nicotiana benthamiana plants does not require any of the potential translation products, but involves two elements in the sat-RNA, designated A and B, that can act in trans (Taliansky and Robinson 1997a) . Storey and Ryland (1957) showed that groundnuts infected with a strain of GRV that produced mild symptoms were protected against the effects of subsequent inoculation with a chlorotic isolate. These results were later interpreted as being interference between two different isolates of sat-RNA rather than between two isolates of GRV itself (Murant and Kumar 1990; Kumar et al. 1991) . A particular variant of GRV sat-RNA, known as NM3c, that produces only very mild symptoms has been identified (Murant et al. 1988; Blok et al. 1994) . Recently, it has been shown that this variant drastically diminishes the replication of the helper GRV in infected N. benthamiana plants (Taliansky and Robinson 1997b) . In consequence, replication of the satellite RNA is also very low. This ability appears to be a property of a region near the 5′ end of sat-RNA NM3c (nucleotides 43 to 280), described as the R-domain, which also contains sequences required for sat-RNA replication (Taliansky and Robinson 1997b) . Furthermore, inoculation of N. benthamiana plants with GRV+sat-RNA NM3c protects them against the production of yellow blotch mosaic symptoms by subsequent inocula containing the severe YB3b sat-RNA (Taliansky and Robinson 1997b) .
In this study, transgenic N. benthamiana plants producing the full-length sequence of NM3c sat-RNA or the 5′ terminal third containing the R-domain were generated and tested for resistance to GRV and/or its severe sat-RNA. Possible mechanisms of the GRV sat-RNA-mediated resistance were analyzed.
RESULTS

Suppression of symptom production in NM and R-NM transgenic plants inoculated with YB isolate of GRV.
N. benthamiana plants were transformed with sequences corresponding to the full-length NM3c sat-RNA (NM construct) and 5′ end third of its sequence (nucleotides 1 to 300) containing the R-domain (R-NM construct). Individual transgenic plants transformed with these constructs and regenerated in the presence of kanamycin (nine transgenic plants for each construct) were normal in appearance and grew and developed like nontransgenic plants. The presence of the entire NM or R-NM sequences in all transgenic plants was confirmed by polymerase chain reaction (PCR) amplification with primers specific to the termini of the inserted satellite sequences (data not shown).
S 1 progeny plants of each of the independently transformed lines were inoculated with the YB isolate of GRV. This isolate contains a sat-RNA variant that induces brilliant yellow blotch mosaic symptoms in N. benthamiana (Kumar et al. 1991 ) and provides a convenient initial test for resistance. Each plant received a standard, highly concentrated portion of the YB inoculum, the infectivity of which was checked by applying it to the local lesion host Chenopodium amaranticolor. This concentration of inoculum was enough to infect 100% of nontransformed N. benthamiana plants. In all nontransformed plants, yellow blotch symptoms appeared 10 to 12 days after inoculation, affecting all leaves above those inoculated and persisting for the lifetime of the plant (Kumar et al. 1991) . In most transformed lines, some plants developed yellow blotch symptoms. For lines NM7, NM9, R-NM8, and R-NM10, 100% of plants developed symptoms (Table 1) , although in some cases these symptoms appeared with a delay and/or developed to a lesser extent than in untransformed plants. On the other hand, in several lines (for example, NM1, NM2, NM3, NM8, R-NM5, R-NM9) few plants developed yellow blotch symptoms. Several symptomless plants of each of these lines were reinoculated but none of them showed yellow blotch symptoms. However, not all of the transgenic plants resistant to yellow blotch symptoms looked similar. In lines NM1, R-NM5, R-NM9, among others, some of the plants lacking yellow symptoms showed mild symptoms similar to those induced by satellite-free GRV (Table 1) . Dot-blot analysis showed, in all plants of these lines, amounts of GRV RNA comparable to those accumulated in control nontransformed plants (Table 1) . In lines NM2, NM3, and NM8, the plants appeared to be completely healthy (Table 1 ) and contained no detectable amount of GRV RNA (Table 1) . Thus, GRV sat-RNA-mediated resistance may operate at two different levels: (i) diminishing the accumulation of GRV-helper RNA, or (ii) interfering with symptom expression without affecting helpervirus replication, i.e., inducing tolerance to infection with GRV+sat-RNA.
Two mechanisms of NM-mediated resistance.
For further study of resistance mediated by the complete NM sat-RNA sequence, lines NM1, NM2, and NM3 were selected. Northern (RNA) blot analysis of RNA extracts from noninoculated plants of all these transgenic lines showed the presence of a major band with an electrophoretic mobility corresponding to about 1.2 kb, consistent with the size of fulllength NM3c sat-RNA, the bordering vector sequences, and a poly(A) tail (Fig. 1) . In all samples, there was also a second, 0.8-kb RNA that hybridized with the GRV sat-RNA probe. This shorter RNA might be a truncated product or a product of degradation of the full-length transcript. Both hybridization bands were absent in the samples from nontransformed plants. There was significant variation in the intensity of the bands from the different lines: the 1.2-kb transgene RNA in lines NM2 and NM3 accumulated at an approximately 10-fold higher level than in line NM1 (Fig. 1) . However, regardless of the level of transgene expression, plants of all three lines were highly resistant not only to symptom production when inoculated with the YB isolate of GRV (Table 1) , but also to accumulation of the challenge sat-RNA ( Fig. 1) . Thus, while lines NM2 and NM3 with relatively high steady-state transgene expression levels suppressed accumulation of both GRV helper virus and its sat-RNA (Table 1, Fig. 1 ), line NM1 with a low steady-state transgene expression level inhibited accumulation only of the sat-RNA ( Fig. 1 and data not shown). It was also found that whereas lines NM2 and NM3 were completely resistant to infection with the sat-RNA-free GRV isolate MC1, line NM1 was not (data not shown). 
R-NM-mediated resistance.
Northern blot analysis of RNA extracts from noninoculated plants of selected R-NM transgenic lines showed the presence of GRV sat-RNA-related transcripts of about 0.6 kb, corresponding to the size of the inserted NM3c sat-RNA fragment, the vector sequences, and poly(A) tail (Fig. 2) . Lines R-NM5 and R-NM9, which exhibited extremely high levels of resistance to yellow blotch symptom production (Table 1) , showed low levels of transgene RNA accumulation when compared with levels in the susceptible lines R-NM8 and R-NM10 (Fig.  2) . Dot-blot hybridization with YB sat-RNA probes lacking the 5′ end 300 nt did not detect challenge sat-RNA in any R-NM5 or R-NM9 plants inoculated with the YB isolate of GRV (data not shown). In contrast, as mentioned above, all these plants contained GRV RNA (Table 1 ) and thus may be regarded as tolerant to infection with GRV+satRNA, as is line NM1 (see above). All R-NM lines were susceptible to the sat-RNA-free isolate of GRV, MC1 (data not shown).
Replication in NM and R-NM transgenic lines of PVX carrying GRV YB sat-RNA sequence insertions.
Sequences corresponding to YB sat-RNA with or without the R-domain were inserted into potato virus X (PVX) as a vector (Fig. 3 ) and the constructs were used to challenge plants of selected NM and R-NM transgenic lines. To simplify monitoring of infections, the gene for green fluorescent protein (GFP) was fused to the coat protein (CP) gene of the recombinant PVX genome (Fig. 3) as a reporter (see for review Oparka et al. 1996) . The PVX derivatives containing GRV sat-RNA sequences were as infectious as recombinant PVX carrying only the GFP-CP fusion gene (PVX.GFP-CP; Santa when inoculated onto nontransformed N. benthamiana plants (Fig. 3) . Similarly, transgenic lines NM2 and NM3 with high transgene mRNA steady-state levels efficiently supported infection of recombinant PVX containing full-length or truncated sequences of YB sat-RNA (PVX.YB.GFP-CP and PVX.YB∆.GFP-CP) (Fig. 3) . In contrast, in the low-expressing transgenic lines NM1, R-NM5, and R-NM9, PVX.YB.GFP-CP infection was strongly inhibited (Fig. 3) . The PVX.YB∆.GFP-CP construct, lacking the R-domain, was highly infectious for lines R-NM5 and R-NM9 but did not infect line NM1 (Fig. 3) . Thus, inhibition of recombinant PVX accumulation in lines NM1, R-NM5, and R-NM9 was dependent on sequence homology between the inoculated virus and the transgene. PVX derivatives containing GRV genomic sequences, which have no similarity with GRV sat-RNA, accumulated equally well in all transformed and nontransformed lines (data not shown).
Rescue of biologically active GRV YB3b sat-RNA from transgenic plants.
The mechanism by which GRV genomic and sat-RNA accumulation is inhibited in lines NM2 and NM3 might involve the down-regulation effect of the R-domain of NM3c sat-RNA on GRV replication and the subsequent autoinhibition of sat-RNA accumulation (Taliansky and Robinson 1997b) . The failure of any R-NM lines to display this kind of resistance suggested that rescue of NM3c sat-RNA from the NM transgene transcripts, where they are flanked by nonviral sequences, might be necessary for this phenomenon. However, the extreme suppression of GRV and sat-RNA accumulation in lines NM2 and NM3 did not allow us to determine if escape of a GRV sat-RNA from transgenic plants and its replication occurred in these lines. Therefore, to study whether such rescue was possible, transgenic plants expressing the full-length sequence of severe YB3b sat-RNA (YB construct) were generated (Fig. 4) . The presence of the entire YB3b sequences in all five lines obtained was confirmed by PCR amplification (data not shown). Northern blot analysis showed transcripts of about 1.2 kb (Fig. 5) , which are of the approximate size predicted from the location of promoter and terminator sequences in the original constructions (Fig. 4) . No additional RNA component of 0.8 kb, as found in NMtransgenic lines, was observed. The level of transgene expression varied but less so than in the case of NM lines, and no line with low steady-state transgene expression comparable to that of line NM1 was detected.
S 1 progeny plants of all five lines were inoculated with the MC 1 sat-RNA-free isolate of GRV. In all lines tested, from 90 to 100% of plants developed yellow blotch symptoms typical of YB3b sat-RNA infection. Northern blot analysis of these plants detected sat-RNA of unit length (approximately Fig. 4 . Schematic representation of the groundnut rosette virus (GRV) NM3c and YB3b satellite RNA (sat-RNA) constructs used for transformation of Nicotiana benthamiana. Full-length NM3c (NM construct) and YB3b (YB construct) sequences and an NM3c fragment (nucleotides 1 to 300; R-NM construct) were inserted in the pROK2 vector between between the 35S promoter of cauliflower mosaic virus (CaMV 35S promoter) and the transcriptional terminator from Agrobacterium tumefaciens nopaline synthase gene (NOS ter) to give plasmids pNM, pYB, and pR-NM, respectively. The R-domain of sat-RNA NM3c (nucleotides 47 to 280) is shaded. The NPII gene for neomycin phosphotransferase II was used as the selectable marker gene. Numbers show positions of nucleotides in the sat-RNA NM3c or YB3b sequences. . GRV YB3b sat-RNA sequences were inserted into PVX.GFP-CP between TGB and GFP-CP. PVX.YB.GFP-CP: insertion contains full-length sequence of YB3b variant of GRV sat-RNA (Blok et al. 1994) . PVX.YB∆.GFP-CP: insertion contains sequence of YB3b sat-RNA lacking the 5′-terminal third (nucleotides 1 to 312). Susceptibility of plants to PVX derivatives was determined by inoculation of 6 to 8 plants of each line with each derivative with subsequent monitoring of GFP-induced fluorescence, using illumination with long-wavelength UV light. A transgenic line was regarded as susceptible (s) to a PVX derivative if all test plants of this line showed distribution of fluorescence similar to that in untransformed plants. Resistant lines (r) contained not more than one infected plant per set (6 to 8 plants). 0.9 kb) (Fig. 5) . At the loading of RNA and autoradiographic exposure used for these samples, the transcript molecules of approximately 1.2 kb were not detectable. Furthermore, inoculation of sap extracts of these MC1-infected, transgenic plants to nontransgenic N. benthamiana plants resulted in the appearance of yellow blotch symptoms, demonstrating that the YB3b sat-RNA sequences were present in a transmissible form.
DISCUSSION
Several examples have been reported in which plant virus resistance results from transgenic expression of sat-RNA. Transgenic plants expressing symptom-ameliorating satellites of cucumber mosaic virus (CMV) or tobacco ringspot virus were shown to be protected from severe effects of their respective helper viruses and to resist virus replication (Baulcombe et al. 1986; Gerlach et al. 1987; Harrison et al. 1987; . CMV sat-RNA sequences also protected against the symptoms of tomato aspermy virus infection but without causing any reduction in virus replication (Harrison et al. 1987) .
This work presents another example of sat-RNA-mediated resistance. Symptoms of groundnut rosette disease are primarily induced by the GRV sat-RNA, but mild or even symptomless variants of GRV sat-RNA, such as NM3c, are also known (Murant et al. 1988; Taliansky and Robinson 1997b) . NM3c satellite is able to down-regulate replication of helper virus and to suppress replication of other (severe) GRV sat-RNAs, and these properties suggested the use of its sequences for engineering resistance. Both the full-length sequence of NM3c and the region between nucleotides 1 and 300, containing the R-domain responsible for the downregulation effect, were deployed for generation of transgenic plants.
Our results indicate that in the case of the full-length NM3c transgene, helper virus RNA serves as the target for the resistance mechanism in some lines (NM2 and NM3). However, an independent mechanism of GRV sat-RNA-mediated resistance against challenge sat-RNA rather than helper GRV (line NM1) also exists. The first mechanism occurs in plant lines producing relatively high levels of transgene transcripts, and may be based on the suppression of GRV replication by nonreplicating NM3c sat-RNA transcript sequences or on the down-regulation effect of replicating NM3c sat-RNA on GRV replication. Although the extreme suppression of GRV and sat-RNA accumulation does not allow us to differentiate between these possibilities, the down-regulation model seems to be more likely. In this model, it has been proposed that sat-RNA NM3c outcompetes with GRV genomic RNA for the viral RNA replicase and thus decreases genomic RNA replication. This in turn would lead to diminished levels of replicase synthesis and of sat-RNA replication (Taliansky and Robinson 1997b) . The resistance mechanism we suggest for transgenic plants might be similar: during challenge infection with the YB isolate of GRV, transgenically expressed sat-RNA NM3c sequences, in the form either of transcript or of "rescued" unit-length sat-RNA, may interact with viral RNA replicase directly, blocking its activity. Previously, it has been shown that CMV sat-RNAs, flanked by nonviral sequences and expressed either in transgenic plants (Baulcombe et al. 1986; Masuta et al. 1989) or from a plasmid (Jacquemond and Lauquin 1988) , could be amplified and packaged during CMV infection, with elimination of nonsatellite flanking sequences. Our experiments with YB-transgenic lines showed that the rescue of unit-length sat-RNA and its replication can also occur in the case of GRV sat-RNA and GRV infection.
Evidence is presented that the second resistance mechanism targets challenge sat-RNA. In the transgenic line NM1, in which relatively low levels of transgene RNA transcripts accumulate, challenge YB sat-RNA does not replicate, but helper GRV accumulates to levels comparable to those in nontransformed plants. Moreover, the NM1-transgenic plants are resistant to replication of a heterologous virus (PVX), specifically if it contains inserted sat-RNA sequences homologous to the transcribed region of the transgene. Replication of PVX carrying sequences of GRV genomic RNA is not blocked, nor is replication of PVX carrying sat-RNA sequences lacking the R-domain in R-NM plants. The association of low transgene steady-state expression and resistance operating against sequences homologous to the transgene may be interpreted as an example of homology-dependent gene silencing or cosuppression (Dougherty and Parks 1995; Mueller et al. 1995 , English et al. 1996 , Sijen et al. 1996 Prins et al. 1996) . The proposed mechanism involves increased turnover (degradation) of RNA species homologous to the silenced transgene, including the transgene mRNA itself and challenge sat-RNA (English et al. 1996; Sijen et al. 1996) . Homology-dependent, RNA-mediated virus resistance is a highly specific process: resistance to PVX infection in transgenic plants expressing the PVX RNA polymerase gene is specific for virus isolates containing sequences with greater than 95% homology to the transgene (Longstaff et al. 1993 ). However, in our experiments, the similarity between transgene (NM3c sat-RNA) and challenge sat-RNA (YB sat-RNA) was only 87% (Blok et al. 1994) . One can suggest that the sequence identity in a small target region rather than the overall sequence similarity may be important for homology-dependent gene silencing (English et al. 1996; Sijen et al. 1996) .
Existence of an "unknown genome feature" has been postulated by Mueller et al. (1995) to explain why a transgene does or does not cause homology-dependent resistance, depending on the insertion locus. It has been suggested that this unknown factor could be related to the methylation status of the transgene and might be involved in the synthesis of aberrant transcripts, which would be the primary agent responsible for the activation of the specific degradation system in the cytoplasm (English et al. 1996) . Thus, we suggest that if the NM3c transgene is appropriately positioned in the plant genome, the homology-dependent mechanism operates. If the locus of transgene insertion is not favorable, suppression of the transgene does not occur and it expresses to high levels, activating the down-regulation mechanism.
Although it is domain R that is responsible for downregulation of GRV replication, none of the transgenic lines expressing NM3c sat-RNA fragment (nucleotides 1 to 300) containing this domain was resistant to GRV, even when expression of the transgene was relatively high (lines R-NM8, R-NM10). Possible explanations may be that some additional sat-RNA sequences other than the R-domain or the process of sat-RNA replication itself are required to trigger the downregulation of GRV replication. Thus, in spite of the crucial role of the R domain in down-regulation, it cannot function by itself. Lines R-NM5 and R-NM9 were resistant only to YB sat-RNA and not to GRV replication. Low steady-state accumulation of the transgene RNA transcript and specific targeting of homologous sequences suggest that the resistance in this case may operate through the homology-dependent cosuppression mechanism.
Our results suggest that transformation of groundnuts with satellite-derived constructs, such as NM or R-NM, should provide a source of resistance to rosette disease. However, until an efficient protocol for groundnut transformation has been developed, it will be difficult to generate a sufficient number of transformed plants to test the efficacy of the different resistance mechanisms we have described.
MATERIALS AND METHODS
Virus cultures.
The satellite-free GRV culture MC1 was derived by Murant and Kumar (1990) from GRV isolate MC, which was obtained from a Malawian groundnut plant showing symptoms of chlorotic rosette. The satellite-containing YB isolate of GRV from Malawi was described by Kumar et al. (1991) . Both isolates were propagated in N. benthamiana by manual inoculation.
Construction of transgenes.
A cDNA fragment corresponding to the full-length sequence of NM3c sat-RNA was amplified by PCR from clone nm3c (Blok et al. 1994 ), using oligonucleotides 5′-TCTAGA GGGTTTCAATAGGAG-3′ (primer A) with an XbaI site preceding 15 nt corresponding to those of the 5′ end of NM3c RNA as the forward primer and 5′-GGTACCGAGTTCCC AGCCAAC-3′ with a KpnI site preceding 15 nt complementary to those of the 3′ end of NM3c RNA as the reverse primer. A cDNA fragment corresponding to 5′ end one-third of NM3c sat-RNA molecule was amplified, using the same template and forward primer (primer A) and oligonucleotide 5′-GGTACCGAGTTCCCAGCCAAC-3′ with a KpnI site preceding 15 nt complementary to nucleotides 286 to 300 of the NM3c sat-RNA sequence as the reverse primer. For amplification of a cDNA fragment corresponding to the full-length sequence of YB3b sat-RNA, clone yb3b (Blok et al. 1994) was used as template, oligonucleotide A as the forward primer, and oligonucleotide 5′-GGTACCGGGCGGCATATG GAAAT-3′ with a KpnI site preceding 16 nt complementary to those of the 3′ end of YB3b RNA as the reverse primer.
The amplified fragments were cloned between the XbaI and KpnI sites of pROK2, a binary plant transformation vector based on pBin19 (Bevan 1984) to give pNM, pR-NM, and pYB, respectively (Fig. 4) . The plasmids were mobilized from Escherichia coli DH5I into Agrobacterium tumefaciens LBA 4404 by tri-parental mating with pRK2013 as described by Armitage et al. (1988) .
Plant transformation.
Pieces of N. benthamiana stem tissue were transformed as described by Benvenuto et al. (1991) . Transgenic shoots were regenerated on a selection medium containing kanamycin (100 µg/ml). Rooted plantlets were transferred to sterilized compost and, after an adaptation period in a climate room at a humidity of 70%, were maintained in a glasshouse.
Analysis of RNA.
Total RNA was isolated from leaf tissue by the method of Blok et al. (1994) . For dot blot hybridization analysis, samples of total plant RNA were spotted onto Hybond N nylon membrane (Amersham, Little Chalfont, Buckinghamshire, England) and immobilized by UV crosslinking in a Stratalinker 2400 (Stratagene, La Jolla, CA). For Northern blot analysis, total RNA preparations were denatured with formaldehyde and formamide. Electrophoresis was in 2% agarose gels, as outlined in Sambrook et al. (1989) . RNA was transferred to Hybond N membrane by the capillary method with 20× SSC (3 M sodium chloride and 0.3 M sodium citrate, pH 7.0) and immobilized by UV crosslinking.
Hybridization was done as described by Sambrook et al. (1989) with probes labeled with 32 P dATP, using a Random Primers DNA Labeling Kit (Life Technologies, Gaithersburg, MD). GRV-specific probes were prepared from the insert of clone gr51 (Taliansky et al. 1996) , which represents sequences toward the 3′ end of the GRV genome. sat-RNA-specific probes were prepared from the complete insert of pYB3b (Taliansky and Robinson 1997a) or its 3′ end fragment containing nucleotides 474 to 903.
Generation of PVX chimeric cDNA constructs.
The DNA fragment containing the GFP gene fused to the CP gene of PVX was amplified by PCR from pTXS.GFP-CP plasmid with oligonucleotides 5′-CGCGCCCGGGCCGTTGAACGGTAAG-3′ with a SmaI site preceding sequence identical to nucleotides 5614 to 5626 of pTXS.P3C2 as a forward primer and 5′-AACAGCTATGACCATG located downstream of the SpeI site at the 3′ end of the PVX sequence as a reverse primer. The resulting fragment digested with SmaI and SpeI restriction endonucleases was used to replace the SmaI-SpeI fragment of pTXS.P3C2 to give pTXS.MCS.GFP-CP containing a duplicated CP subgenomic promoter and a multiple cloning site originated from pTXS.P3C2.
The fragment of plasmid yb3b (Blok et al. 1994 ) containing GRV sat-RNA sequence was produced by digestion of the plasmid with EcoRI restriction endonuclease, subsequent filling in of the cohesive ends with E. coli DNA polymerase I large fragment, and digestion with SalI restriction endonuclease. The fragment was cloned between EcoRV and SalI sites of pTXS.MCS.GFP-CP to give pTXS.YB.GFP-CP. pTXS.YB∆.GFP-CP was produced in the same way as pTXS.YB.GFP-CP but with EcoRII restriction endonuclease recognizing a natural internal EcoRII site (nucleotide 313) in the plasmid insert, instead of EcoRI nuclease. Viruses derived from the recombinant PVX cDNA constructs are subsequently indicated by substitution of the prefix PVX for the prefix pTXS in the name of the progenitor plasmid.
Virus resistance experiments.
Plants, grown from seed obtained by self-pollination of the original transformed plants, were inoculated with total RNA from GRV YB-infected or MC1-infected plants suspended in 0.1 M phosphate buffer, pH 7.4, containing 0.1% bentonite. Each plant received a standard amount of GRV RNA, the infectivity of which was checked by applying the same inoculum to the local lesion host Chenopodium amaranticolor.
Plasmids containing recombinant PVX cDNAs were linearized by digestion with the restriction enzyme SphI and in vitro transcripts were synthesized with T7 RNA polymerase, using the mCAP RNA Capping Kit (Stratagene, La Jolla, CA).
Transcripts were inoculated directly to leaves of 3-to 4-weekold transgenic N. benthamiana plants by rubbing corundumdusted leaves with the transcription products derived from 0.2 µg of plasmid template.
Visual evaluation of symptoms and virus RNA determination by dot blot hybridization were routinely used to assess virus infection. In some instances, Northern blot analysis was used and/or the production of infectious virus was checked by inoculation of sap extracts to nontransgenic N. benthamiana plants. For experiments with recombinant PVX expressing the GFP gene, plants were observed under long-wavelength UV light to monitor infection.
